A spectrophotom etric assay for th e determination of branched-chain L-amino acid am inotransferase activ ity is described. It is based on th e transamination of L-leucine in the presence of 2-oxoglutarate yielding 4ethyl-2-oxopentanoate. The rate of formation of the branched-chain 2-oxo acid is specifically monitored in a coupled enzymatic reaction using NADf -dependent D*2-hydroxyisocaproate dehydrogenase from L actoba c illu s casei sap. p se u d o p la n ta ru m as coupling enzyme by m easuring the decrease in NADH absorbance at 334 nm. Optimized assay conditions are provided as evalu ated for the (iso)enzyme from rat heart, c 1995 Academic Press, Inc.
Reversible transamination is the first step in branched chain L-amino acid catabolism. It is catalyzed by branched-chain L-amino acid aminotransferase (EC 2.6.1.42) (1, 2) . The enzyme has been purified to appar ent homogeneity from a number of mammalian tissues, e.g., from pig heart (3) (4) (5) and brain (6) and rat heart (7) , liver (8) , pancreas (9) , and brain (10) . Reportedly, a cytosolic and a mitochondrial isoenzyme occurs in rat tissues (10, 11) . The mitochondrial isoenzyme also exhib its properties of a branched-chain 2-oxo acid carrier pro tein (12) . Isoenzymes have been found in a variety of other mammalian species as well, including man (13) , where the genes have been shown to be located on chro mosome 12 and 19, without, however, specific assign ment of isoenzyme type (14, 15) , The subcellular distri bution of aminotransferase activities in tissues (10, (16) (17) (18) (19) , some molecular (3, 4, 7, (9) (10) (11) , and the kinetic prop erties (4, 8, 9, 10, 13, 18, 20) are somewhat variable due to apparently discrepant reports in the literature.
For measurement of branched-chain L-aminotransferase activity, a radiometric end-point method is com monly employed; a colorimetric and a fiuorometric end-0003-2697/95 $ 12.00
Copyright £> 1995 by Academic Press, Inc. All rights of reproduction in any form reserved. point assay are also available (4, (21) (22) (23) . In the radio chemical method (17, 24) , l-14C-labeled branched-chain L-amino acids (17, 24) or 2-oxo acids (19) are used as substrates. In general, 2-oxo-[l-14C]acids formed dur ing incubation with the corresponding l4C-labeled Lamino acid are specifically decarboxylated by H20 2 to form 14C 02 which is then absorbed and determined by liquid scintillation counting (17, 25) .
All published methods can be reliably performed. They are, however, rather time consuming and labo rious. None of the assays allows a continuous moni toring of the course of the transamination reaction and may thus be subject to a variety of experimental errors (cf. 26).
We report here on a coupled enzymatic assay for the determination of branched-chain L-amino acid amino transferase (BCAA-AT)1 activity. 4-Methyl-2-oxopentanoate-specific NAD^-dependent D-2-hydroxyisocaprcate dehydrogenase (HIC-DH) from Lactobacillus casei ssp. pseudoplantarum was used as a coupling enzyme. The reaction can be continuously monitored by measuring the decrease of NADH absorbance at about 340 nm:
Applicability of the assay is demonstrated by evalua tion of optimized assay conditions for the determina tion of rat mitochondrial branched-chain L-amino acid aminotransferase activity. 
MATERIALS AND METHODS

Chemicals
Unless otherwise stated, all chemicals and reagents were purchased from Merck (Darmstadt, FRG) or Serva (Heidelberg, FRG). Coenzymes were from Boehringer (Mannheim, FRG). L-[l-14C]Leucine (2,0 GBq/mmol), NaH14C03 (2.1 GBq/mmol), and [14C]toluene calibration standard were from Du Pont NEN (Dreieich, FRG). Gels for chromatography were from Pharmacia LKB (Heidel berg, FRG), DEAE cellulose (DE 52) was from Whatman (London, UK), and polyethylene glycol was from BP Chemie (Düsseldorf, FRG).
Enzyme Preparations
Branched-chain L-amino acid aminotransferase from rat heart was partially purified as described (5,7) with modifications. For preparation of crude heart homoge nates, hearts were excised under hexobarbital anesthe sia, thoroughly rinsed with ice-cold saline (0.154 mol NaCl/liter), frozen with liquid N2, pulverized in a per cussion mortar, and extracted by treatment with a 10fold volume (w:v) of potassium phosphate buffer (200 mmol/liter, pH 6.0, 5 mmol EDTA/liter) and centrifuga tion. For further purification, ammonium sulfate was added to the supernatant to give 75% saturation. The precipitate was dissolved in Tris/HCl buffer (50 mmol/ liter, pH 8.5, 0.1 mmol dithiothreitol/liter, 5 mmol EDTA/liter) and applied onto a DEAE-Sepharose CL-6B column. A linear NaCl gradient (0-0.5 mol/liter, Tris/HCl buffer as above) was used for elution of branched-chain L-amino acid aminotransferase activ ity at 0.15 mmol NaCl/liter. The specific activity of the preparation was 1.1 //mol X m in -1 x mg protein"1 (25°C), while purification was about 35-fold.
The methods for isolation of D-2-hydroxyisocaproate dehydrogenase from cultures of L. casei ssp. pseudoplantarum (DSM 20 008, from the German Collection of Microorganisms, Göttingen, FRG) have been pre viously described in detail (27) . Enzyme activity was obtained from disrupted cells by a two-step liquid-liq uid extraction procedure using polyethylene glycol 1540 and polyethylene glycol 10000, respectively, Fur ther purification was achieved by DEAE-cellulose chromatography. D-2-Hydroxyisocaproate dehydroge nase was thus purified about 40-fold and had a specific a c t iv it y of 25 //mol X m in"1 X mg p r o t e in " 1 (25°C).
Protein concentration was determined by the Brad ford method (28) using bovine serum albumin as a stan dard.
Enzyme Activity Tests
Unless otherwise noted, D-2-hydroxyisocaproate dehy drogenase activity was determined spectrophotometrically by measuring absorbance changes at 334 nm against time (Eppendorf spectrophotometer Model 1101 equipped with a temperatured cuvette holder) at 25°C under the following incubation conditions: sodium phos phate buffer, 100 mmol/liter, pH 6.5; NADH, 0.2 mmol/ liter; 4-methyl-2-oxopentanoate, 2.1 mmol/liter (27) .
Likewise, activity of branched-chain L-amino acid aminotransferase was determined at 25°C using NADH-dependent D-2-hydroxyisocaproate dehydroge nase as a coupling enzyme. Under optimized standard conditions (for rationale cf. Results) the assay mixture comprised Tris/HCl buffer (100 mmol/liter, pH 8.45), 2-oxoglutarate (12.5 mmol/liter), NADH (0.2 mmol/li ter), D-2-hydroxyisocaproate dehydrogenase (12 mg protein X liter"1 in assay), and variable amounts of branched-chain L-amino acid aminotransferase prepa ration (s=13.6 mg protein x lite r'1). The change in ab sorbance against time was recorded at 334 nm (blank value =*0.002 AA/min) and thereafter the reaction was started by addition of L-leucine (final concn 8.5 mmolJ liter). Steady-state conditions were reached after a short lag phase (AA about 0.03) and the reaction pro ceeded linearly with time for at least 3 min.
For evaluation of stoichiometry, the reaction was al lowed to proceed in the cuvettes for 20 min. Thereafter, samples were mixed with half a volume of 10% sulfosalicylic acid (w:v) containing D,L-norleucine as an internal standard (0.3 mmol/liter). After centrifugation, aliquots of the supernatant were analyzed for accumulated L-glu tamate on an automatic amino acid analyzer (LC 3000, Biotronik, Munich, FRG). Under the present assay condi tions, changes of substrate concentration during incuba tion were well below 5%.
For comparison, branched-chain L-amino acid ami notransferase activity was also determined by a radio chemical procedure. Composition of the incubation flasks and evaluation of the procedure have been pre viously described in detail (29, 30) . Incubations were carried out in parallel to the spectrophotometric assays using Tris/HCl buffer (100 mmol/liter, pH 8.45, 25flC, final test volume 1.0 ml) containing L-[l-14C]leucine (8.5 mmol/liter, 0.5 Bq/nmol) and 2-oxoglutarate (12.5 mmol/liter). The reaction was started by addition of enzyme solution and terminated after 10 min by injec tion of 0.5 ml 10% sulfosalicylic acid (w:v). Thereafter, accumulated 4-methyl-2-oxo[l-14C]pentanoate was oxi datively decarboxylated by addition of 0.3 ml 30% H20 2 (w:w). l4C02 was trapped in ethanolamine and mea sured by liquid scintillation counting (30) . In blanks, enzyme solution was omitted from the assays.
Calculations L-Glutamate production in the assays was evaluated by amino acid analysis using D,L-norleucine as internal standard and amino acid calibration mixtures for exter nal standardization. Accumulated 4-methyl-2-oxo[l-14C]pentanoate was calculated from the 14C02 for mation on the basis of the specific radioactivity of L-[l-u C]leucine in the assays. Recovery was checked in parallel samples with NaH14C03 solution, counting efficiency by internal standardization with [14C]toluene standard.
According to Cleland's notation (31) , the aminotrans ferase reaction proceeds via a Ping Pong Bi Bi mecha nism. With substrates A -L-leucine-and B-2-oxo glutarate-(and the corresponding apparent Michaelis constants KW {A) and KM(B)) in the almost complete ab sence of products and taking into account possible in hibitory effects of substrates (inhibitory constants and -Ki(B)), the velocity of the forward reaction (u) is given by formula [1] : Note. Enzyme activity as measured spectrophotometrically in Tria/ HCl in the coupled enzymatic assay was set at 100%. General Numerical fitting of the equation to the measured kinetic data was accomplished by means of a nonlinear regression procedure (NUN) from the SAS system (SAS Institute, Cary, NC) for personal computers using Marquardt's method, The provisional estimates for V'max» and needed for computation were de termined graphically according to Eq. [2] as in Ref. (32) . Parameters and their asymptotic standard errors are given as calculated by the NLIN procedure. The values obtained for inhibitory constants were insig nificant. Therefore, the three-dimensional presentation of data (triple reciprocal plot) is based on the (simpli fied) formula [21:
____________ V™*____________ V IKWtA]} + liW tB ] } + 1 ■ Other results are means of two (deviation from mean < or ^10%) or means ± SD (number of determinations in parentheses). Statistically significant differences were examined using Student's paired t test,
RESULTS
Conditions for the spectrophotometric measurement of branched-chain L-amino acid aminotransferase ac tivity with D-2-hydroxyisocaproate dehydrogenase as coupling enzyme were evaluated and optimized using partially purified rat heart aminotransferase.
Effect of Buffer and Ionic Strength
Initially, pH 8.3 (1,2) was chosen to study the effect of buffer substances and ionic strength. Tris/HCl proved to be significantly better for measurement of rat heart branched-chain amino acid aminotransferase activity (P < 0.05) than Good buffers or sodium pyro phosphate ( Table 1 ). The reaction rate remained unal tered in the concentration range 0.02-0.5 mol/liter Tris/HCl (five different concentrations applied; data not shown) and addition of EDTA (1-5 mmol/liter) and/ or dithiothreitol (0.1-5 mmol/liter) had no effect.
pH Dependence Activity of the coupling enzyme D-2-hydroxyisocaproate dehydrogenase markedly decreased at pH > 8.0 (cf. Fig. 1 ). Therefore, care was taken that coupling enzyme activity was present in sufficient (25-fold) ex cess during evaluation of the pH dependence of branched-chain L-amino acid aminotransferase. A rather sharp activity optimum at pH 8.45 was found ( Fig. 1 ) and this pH value was used in subsequent ex periments.
Kinetic Properties
Apparent Michaelis constants of rat heart branchedchain L-amino acid aminotransferase for L-leucine and 2-oxoglutarate amounted to 0.30 ± 0.02 and 0,68 ± 0.03 mmol/liter, respectively (cf. Fig. 2 and Materials and Methods). Therefore, 8.5 and 12.5 mmol/liter were chosen as appropriate concentrations for L-leucine and 2-oxoglutarate, respectively. The reaction rate should thus amount to 0.91 x Vmax and variation due to sub strate concentration changes should be minimized (33) .
Linearity and Stoichiometry
Under optimized conditions, a linear relationship be tween the amount of aminotransferase activity and NADH consumption by D-2-hydroxyisocaproate dehy- drogenase (a ^20-fold excess of coupling enzyme activ ity provided) was found (Fig. 3) , The coefficient of varia tion within assays (n = 7) amounted to 7.9, 2.1, and 2.2%, when 0.9, 6.8, and 13.1 mg protein x lite r'1 of branched-chain L-amino acid aminotransferase were applied, respectively.
Absorbance changes of 0.002 AA/min (equivalent to typical blank values) were reliably measurable. There fore, the limit of detection of branched-chain L-amino acid aminotransferase activity concentration in the assay was <0.3 nmol X m in"1 X m l"1.
Effect of Temperature
When the effect of temperature was assessed, mea sured rat heart branched-chain L-amino acid amino transferase activity amounted to 2.35 ± 0.06, 3.24 ± 0.02, 4.50 ± 0.05, and 6.43 ± 0.02 /¿mol X min'-1 X mg protein'3 (n = 3) at 20, 25, 30, and 37°C, respectively. As related to the rates obtained at 25°C, estimated tem perature conversion factors for 20, 30, and 37°C were 0.7, 1.4, and 2.0, respectively. 
Comparison of Methods
A good correlation was found between the rates of NADH consumption (equivalent to 4-methyl-2-oxopentanoate production from L-leucine) and of L-glutamate formation (from 2-oxoglutarate) (linear regression equation: y -0.97x + 0.17, r ~ 0.998, n = 12), Thus, stoichiometry was fully met under the present assay conditions.
When the coupled enzymatic method was compared to an independent radiometric assay based on the for mation of 4-methyl-2-oxo[l-14C]pentanoate from L-[l-14C]leucine, essentially the same branched-chain L~ amino acid transaminase activities were obtained (Fig. 4) .
The new method was finally used for measurement of enzyme activity in crude rat heart homogenates. At 25°C, branched-chain L-amino acid aminotransferase activity amounted to 48 ± 17 nmol X m in"1 X mg solu ble protein*"1 which was equivalent to 1.35 ± 0.27 /onol. X m in"1 X g tissue (wet wt)-1 (n ~ 28) or about 2.7 /xmol X m in"1 X g tissue-1 at 37°C.
DISCUSSION
The present method for determination of branchedchain L-amino acid aminotransferase activity fulfills all essential requirements for an enzyme activity assay (26) . Measured rates were in accordance with data ob tained by radiometric and amino acid analysis meth ods. With respect to performance, interferences, and analytical equipment, the continuous one-step method offers some advantages over the more complicated dis continuous assays reported so far (see Introduction for Refs.).
Under the present standard conditions, enzyme ac tivity concentrations of 0.3 //mol X min"1 X liter''1 can be reliably measured. If required, sensitivity of the assay can be enhanced to <0.03 fi mol X m in"1 X liter"1 by prolonging the time of reaction and further by in creasing the reaction temperature (provided the en zyme under investigation is thermostable). Consider ing the blank to sample ratio, the present assay is about 10 times more sensitive than the spectrophoto metric assay based on measurement of dinitrophenylhydrazone derivatives (3, 4) and is comparable to the radiometric assay using commercial I4C-labeled sub strates (17) .
When D-2-hydroxyisocaproate dehydrogenase from L. casei ssp. pseudoplantarum is used, the coupled assay is largely applicable to L-leucine as su b strate (27) . When desired, studies including L-valine and Lisoleucine as substrates may be performed using d-2hydroxyisocaproate dehydrogenase activities from other sources which exhibit suitable kinetic properties for this purpose (e.g., the enzyme from Lactobacillus curvaius (36) ).
The assay was optimized for branched-chain L-amino acid aminotransferase from rat heart (mitochondrial isoenzyme (10)) using L-leucine a n d 2-oxoglutarate as substrates. Thus, conditions established in the present study may need some modifications for the measure ment of (iso)enzymes from other sources.
Comparison of the present measurements in crude homogenates on branched-chain L-amino acid amino transferase activity in rat heart (2.7 /¿mol x m in"1 X g"1 at 37°C) with published data is somewhat difficult. In the literature, quite variable assay conditions have been applied for (comparative) measurements (cf. 5, 17, 34, 35) . L-Leucine and 2-oxoglutarate concentra tions ranged from 0,1 to 60 and from 3 to 30 mmol/ liter, respectively. The pH utilized ranged from 6,8 to 8.6 and the temperature from about 22 to 37°C. With but one exception (9) , optimal substrate concentrations were apparently not evaluated. The pH-optimum was stated infrequently (3) (4) (5) . Nevertheless, a compilation of data from the literature (4, 16, 17, 19, 37, 38) suggests a mean activity of 2.9 ± 1.4 //mol x m in-1 x g (wet w tr 1 at 37Q C which is in rather good agreement with the results obtained with the present assay.
L-Leucine dehydrogenase (EC 1.4.1.9) may provide, » • > « « » at least theoretically, an alternative to D-2-hydroxyisocaproate dehydrogenase as a coupling enzyme. How ever, when the former enzyme was applied (unpub-204 SCHADEWALDT ET AL. lish e d results), no v a lid m easurem ents could be o b tain e d due to stro n g interferences-presum ably re ferable to L-glutam ate dehydrogenase (E C 1 .4 .1 .3 ) w h ich also has some L-leucine dehydrogenase activity (3 9 )-th a t were present in crude ra t h e art homoge n a te s a n d even in the p a r tia lly p u rifie d a m in o tran sfe r ase preparations.
